ABSTRACT: The role of phytochemicals in preventive and therapeutic medicine is a major area of scientific research. Several studies have illustrated the mechanistic roles of phytochemicals in Nrf2 transcriptional activation. The present study aims to examine the importance of the transcription factor Nrf2 by treating peritoneal macrophages from Nrf2
■ INTRODUCTION
Inflammation is a cellular defense mechanism that protects cells from pathogens. However, an increased period of inflammation, leading to a chronic inflammatory state, has been established as a major driving force behind carcinogenesis. Specifically, increased pro-inflammatory cytokine production from macrophages and lymphocytes is known to promote various stages of tumorigenesis. 1, 2 Chronic inflammatory damage has a negative impact on the regulation of signal transduction pathways by causing aberrant protein expression that could lead to inflammation-driven carcinogenesis. 3 Macrophages and monocytes act as a first line of defense against bacterial infections 4 as well as other disease states. Previous studies have established that activation of macrophages by lipopolysaccharides (LPSs) increases the levels of inflammatory mediators, such as cytokines, prostaglandins, and nitric oxide, and provides a good model system to study inflammation. 5, 6 The nuclear factor-erythroid 2 (NF-E2)-related factor 2, commonly known as Nrf2, is a transcription factor that belongs to the cap 'n' collar subfamily containing a basic leucine zipper region. Nrf2 regulates downstream antioxidative stress genes, such as NAD(P)H quinine oxidoreductase (NQO1), hemeoxygenase-1 (HO-1), and phase II detoxifying enzymes, upon being challenged by cellular stress, and it plays a key regulatory role in cellular stress defense mechanisms 7, 8 by binding to the antioxidant redox element (ARE).
While the induction of antioxidant properties has been wellattributed to Nrf2, we and others have demonstrated the role of Nrf2 in the regulation of inflammation. Transcriptional regulation of Nrf2 induces HO-1, which has well-known antioxidant properties as well as anti-inflammatory functions, as shown in studies conducted in colon, skin, neural, and other tissues. 9−12 It has been shown that the Nrf2 pathway plays an important role in lowering both acute and chronic inflammation. Several studies in different animal models have illustrated the role of inflammation in cancer. In particular, studies conducted in Nrf2 knockout mice have demonstrated increased inflammation and tumorigenesis in the liver, 13 colon, 14, 15 brain, 12 and lungs. 16 Nrf2 confers protection against inflammation, as it has been shown that decreased Nrf2 expression leads to an increased inflammatory response in addition to increased electrophilic and oxidative stress. 17 Recently, our group conducted several studies to examine the anti-inflammatory effects of phytochemicals and their role in chemoprevention. 18, 19 Phytochemicals such as curcumin (CUR), which is an ingredient in turmeric from India, and isothiocyanates, specifically phenethyl isothiocyanate (PEITC), which have been found in broccoli sprouts, water cress, and other vegetables, have shown potent anti-inflammatory and antioxidant effects. 20−22 It has been well-documented that both of these phytochemicals are potent Nrf2 inducers. 21, 23, 24 The anti-inflammatory effects of these compounds have been studied using the LPS-induced inflammation model, which is known to increase the expression of COX-2 in macrophages, endothelial cells, and fibroblasts. 25 The anti-inflammatory role of phytochemicals, such as sulforaphane, which is an isothiocyanate present in broccoli, and eicosopentanoic acid and dococsahexaenoic acid, which are constituents of fish oil and belong to polyunsaturated fatty acids, has been welldocumented in studies conducted in LPS-stimulated Nrf2 −/− macrophages, in which the absence of Nrf2 caused an increase in pro-inflammatory markers, such as cycloxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), interleukin-6 (IL-6), and interleukin-8 (IL-8), and a decrease in HO-1 expression, which is an antioxidative stress gene that also has antiinflammatory effects.
26−28 Our current study builds on previous work and aims to examine the role of Nrf2 in regulating the anti-inflammatory properties in LPS-induced peritoneal macrophages isolated from Nrf2 +/+ and Nrf2 −/− mice. We hypothesize that although CUR and PEITC are not structurally similar and do not belong to the same class of phytochemicals they act via the Nrf2 pathway. To evaluate our hypothesis, we compared the effects of CUR and PEITC in the presence and absence of Nrf2 in peritoneal macrophages. Furthermore, we examined the inhibitory effects of both of these phytochemicals on TNF-α, NO, and IL-6 production while also examining their regulatory role in the expression of COX-2, iNOS, IL-6, IL-8, and HO-1.
■ MATERIALS AND METHODS
Animals. The C57BL/6J mouse strain, which is homozygous WT for Nrf2, and Nrf2 −/− mice were used as the control and treatment groups for the current study. Specifically, 10−12 week-old male mice from the second filial generation of Nrf2 −/− mice and age-matched C57BL/6J male mice were used for the study. Nrf2
−/− mice were generated by backcrossing the F1 generation of Nrf2 −/− with C57BL/ 6J mice purchased from the Jackson Laboratory (Bar Harbor, ME) as described previously in studies by our group. 26, 27 The genotype of each animal was confirmed by performing tail DNA extraction followed by polymerase chain reaction (PCR). Bands for Nrf2 −/− were visualized at 200 bp by agarose gel electrophoresis, whereas the WT mice displayed a band at 300 bp, as illustrated in our previous studies. 26, 27 All animals used in the study were housed and maintained at Rutgers following the guidelines established by IACUC and NIH guidelines for the care and use of laboratory animals.
Chemicals and Reagents. Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin, and fetal bovine serum (FBS) were obtained from Invitrogen-Gibco (Grand Island, NY). Primary antibodies against HO-1, COX-2, iNOS, and actin and secondary antibodies were purchased from Santa Cruz (Santa Cruz, CA). Curcumin (CUR) and phenethyl isothiocyanate (PEITC, 99%) were purchased from Sigma-Aldrich (St. Louis, MO). Thioglycollate broth was purchased from Edge Biological (Memphis, TN). Lipopolysaccharide (LPS from Escherichia coli 0111:B4) was purchased from Sigma-Aldrich (St. Louis, MO). ELISA kits for the measurement of TNF-α (KMC 3012) and IL-6 (KMC 0062) were purchased from Invitrogen (Grand Island, NY). Taqman RT reagents were purchased from Life Technologies
Isolation of Peritoneal Macrophages. The peritoneal macrophages were isolated using a previously established procedure in our laboratory. 26, 27 A volume of 800 μL of thioglycollate broth (TG broth) was injected intraperitoneally into the animals on day 1. The animals were euthanized on day 4, and the macrophages were harvested by flushing the peritoneal cavity with 1× ice-cold PBS buffer (pH of 6.8 and 0.02% EDTA). The macrophages were then centrifuged at 1000 rpm for 10 min. Next, the cell pellet was resuspended with 0.83% ammonium chloride to remove any residual red blood cells.
Cell Culture and Treatment. The viability of the harvested macrophages was evaluated with the trypan blue exclusion method, and the cell viability was calculated from the cell population. Nrf2 +/+ and Nrf2
−/− cells (macrophages) were cultured for 6 h in DMEM using 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO 2 . The macrophages were then pretreated with the drugs CUR or PEITC alone at two nontoxic concentrations (5 and 10 μM, Supporting Information Figure S1 ) for 6 h followed by cotreatment with LPS (1 μg/mL) from E. coli to induce the pro-inflammatory cytokines for 8 h before RNA was extracted. For protein extraction, the cells were pretreated with CUR (5 and 10 μM) or PEITC (5 and 10 μM) alone for 6 h followed by cotreatment with LPS (1 μg/mL) for 18 h. LPS-only treatment served as a positive control. DMEM with 10% FBS served as a negative control.
Biological Assays for Measurement of Nitrite Production (NO) and Cytokine Concentrations. Nitrite production was assessed as described previously by measuring nitrite accumulation in the culture media fluorimetrically using an Infinite 200 PRO Tecan microplate reader. 29 The cells were pretreated with drugs for 6 h and cotreated with (1 μg/mL) LPS for 8 h. A 50 μL solution of supernatant from the cultured media was added to 96-well black polystyrene flat-bottom plates (Whatman Inc., Piscataway, NJ), to which 10 μL of freshly prepared 2,3-diaminonaphthalene (0.05 mg/ mL in 0.62 N HCl) was added and incubated for 10 min. This step serves as the start of the reaction. Next, 5 μL of 2.8 N sodium hydroxide was added to the solution to stop the reaction, which results in the production of 2,3-diaminonaphthotriazole. The reactions were measured at an excitation of 360 nm and emission of 460 nm with a gain setting of 80% using an Infinite 200 PRO Tecan microplate reader. The levels of cytokines, TNF-α and IL-6, produced as a response to the inflammatory state, were measured in the supernatant of the culture medium by enzyme-linked immunosorbent assay kits from Invitrogen (Grand Island, NY) following the manufacturer's instructions. Isolation of RNA, Reverse Transcription, and Quantitative Polymerase Chain Reaction. Total RNA from the treatment and control groups was extracted using RNeasy Mini Kit (Carlsbad, CA), and the mRNA was quantified using a NanoDrop 2000. Approximately 600 ng of mRNA was reverse-transcribed into cDNA using Taqman RT reagents. This cDNA was used to perform the quantitative PCR using SYBR Green PCR master mix from ABI on the ABI7900HT system (Life Technologies, Grand Island, NY). The primer sequences used for the different genes are listed in Table 1 and have been used in our previous studies. 27 Protein Extraction and Western Blotting. Radio immune precipitation assay (RIPA) buffer containing a protease inhibitor cocktail (Sigma, St. Louis, MO) was used to harvest the cells from the control and treatment groups. The concentrations of protein lysates were determined using the bicinchoninic acid (BCA) method (Pierce, Rockford, IL). Samples containing 20 μg of total protein were loaded onto a 4−12% SDS-PAGE gel. The proteins from the gel were then transferred onto a PVDF membrane at 1.3 A and 25 V for 5 min using the Transblot Turbo transfer system from Bio-Rad. The PVDF membranes were then incubated with selected primary antibodies at 4°C overnight, followed by detection using HRP-conjugated secondary antibodies. The signals were enhanced using ECL reagents (Thermo Scientific) and were visualized using a Bio-Rad gel documentation system. All antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Statistical Analysis. All experiments were performed at least three times, and similar results were obtained. Statistical tests were performed using Student's t test. All p values were two-sided, and a p value < 0.05 was considered to be statistically significant.
■ RESULTS

Curcumin and PEITC Inhibit Nitrite Production in Nrf2
+/+ Macrophages. Nitrite production as a result of CUR and PEITC treatment was assessed in LPS-stimulated Nrf2 +/+ macrophages. The results showed that nitrite production was lowered by CUR at 10 μM and PEITC in a dose-dependent manner at 5 and 10 μM compared with that in the LPS-only treatment in Nrf2 +/+ macrophages ( Figure 1 ). Nitrite production was also decreased by CUR and PEITC in Nrf2 −/− macrophages in comparison to that from the LPS treatment, but the effect was not as pronounced as it was in Nrf2 +/+ macrophages, where nitrite production was lower by more than than 0.5-fold (Figure 1) . Overall, it can be observed that both CUR and PEITC lowered NO production in Nrf2 +/+ macrophages in a dose-dependent manner in comparison to that from LPS treatment (p < 0.05). Although the lowering effect was also seen in Nrf2 −/− macrophages, nitrite production itself was much higher than that in the WT cells, thus emphasizing the importance of Nrf2 (Figure 1) .
PEITC Decreases the TNF-α and IL-6 Levels in Nrf2
Macrophages. To assess cytokine production in LPSstimulated Nrf2 +/+ macrophages treated with CUR and PEITC, we performed ELISA analysis of TNF-α and IL-6. We found that the levels of TNF-α and IL-6 were significantly lower (p < 0.05) after PEITC treatment (10 μM) in Nrf2 +/+ macrophages in comparison to that from LPS treatment only (Figure 2A,B) . Conversely, cytokine production in Nrf2 −/− macrophages treated with 10 μM of PEITC was not lowered. By contrast, the effect of CUR on the level of cytokines was not nearly as significant compared with that from PEITC and the LPS-only treatment in both groups for IL-6 and TNF-α, as shown in Figure 2A ,B, respectively. PEITC and CUR show differential effects on cytokine production in Nrf2 +/+ macrophages in terms of gene expression. The differential effects of these compounds could be attributed to post-transcriptional regulation. It was previously published that CUR promotes differential expression of cytokines TNF-α and IL-6 in adipocytes, which was due to post-transcriptional regulation. 30 Curcumin and PEITC Inhibit LPS-Induced Gene Expression of COX-2, iNOS, TNF-α, and IL-6 and Induced HO-1 Gene Expression in Nrf2 +/+ Macrophages. It is known the LPS stimulation increases the expression of proinflammatory markers such as COX-2, TNF-α, and IL-6.
5, 6 The qPCR results illustrate that CUR exerted an anti-inflammatory effect by lowering the LPS-induced expression of iNOS ( Figure  3B ), TNF-α ( Figure 3C ), IL-6 ( Figure 3D ), and COX-2 ( Figure 3E) . Similarly, treatment with PEITC showed a significant dose-dependent decrease at 5 and 10 μM in the gene expression of LPS-induced pro-inflammatory markers such as COX-2, iNOS, TNF-α, and IL-6 in Nrf2 +/+ macrophages, whereas no change was observed in Nrf2 −/− macrophages for TNF-α and COX-2 ( Figure 3C ,E). iNOS gene expression was also decreased by PEITC in Nrf2 −/− macrophages in comparison to that from the LPS treatment, but the effect itself was not as pronounced as it was in Nrf2 +/+ macrophages. The fold change in Nrf2 +/+ macrophages was 0.2 and 0.15 when they were treated with 5 and 10 μM PEITC, whereas the same treatments in Nrf2 −/− macrophages showed fold changes of 0.6 and 0.4, respectively, as shown in Figure 3B . Both CUR and PEITC also induced the expression of HO-1 ( Figure 3A ) at 5 and 10 μM in Nrf2 +/+ peritoneal macrophages in a dose-dependent manner. At the same time, there was no significant decrease in pro-inflammatory markers or an increase in HO-1 induction in the Nrf2 −/− macrophages ( Figure 3A −E). PEITC Induces HO-1 Protein Expression and Inhibits LPS-Induced COX-2 and iNOS Protein Expression. The protein expression of COX-2, iNOS, and HO-1 in macrophages upon pretreatment with the drugs for 6 h and cotreatment with LPS for 18 h to induce an inflammatory response were analyzed by western blotting. The results show that PEITC caused a dose-dependent decrease in COX-2 protein expression and a dose-dependent increase in HO-1 protein expression in Nrf2 +/+ macrophages, whereas the effect was not similar in Nrf2 −/− macrophages, as shown in Figure 4A ,B. The protein expression was consistent with the mRNA expression, as shown by qPCR analyses. Additionally, CUR caused a decrease in COX-2 expression; however, this decrease was not significant compared with that induced by PEITC. This result demonstrates that PEITC has a more potent anti-inflammatory effect, which is mediated by the Nrf2 pathway. Additionally, the presence of Nrf2 has more attenuating effects on COX-2 and iNOS.
■ DISCUSSION
The Nrf2 signaling pathway plays an important role in the regulation of oxidative stress and the inflammatory state both in vitro 31 and in vivo. 17,32−34 It has been well-documented that Nrf2 induction leads to increased expression of antioxidative stress genes, such as HO-1, that also confer anti-inflammatory effects by induction of IL-10 as an anti-inflammatory cytokine. 35 Several studies have demonstrated the antiinflammatory effects of bioactive phytochemicals, including flavonoids such as sappanchalcone, 36 chalcones such as 4,2′,5′-trihydroxy-4′-methoxychalcone, 37 diterpenoids such as kaurenoic acid, 38 triterpenoids such as celastrol, 39 and sesqueterpe- noids such as costunolide, 40 among others. These phytochemicals are regulated by the activation of the Nrf2 transcription factor and its target genes. 41 It has been shown that the lack of Nrf2 can lead to lethality by septic shock, as evidenced by comparative studies performed in Nrf2 +/+ and Nrf2
−/− peritoneal neutrophils; these studies demonstrated that Nrf2 confers protection from LPS-induced inflammation. 42 The importance of Nrf2 as an anti-inflammatory target for phytochemicals has been illustrated in previous studies performed in Nrf2 −/− mice from our group 26, 27 as well as from others who showed that the lack of the Nrf2 gene makes these mice more susceptible to immune and inflammatory disorders. 43 Multiple studies have suggested that Nrf2-deficient mice are more prone to inflammatory, cytotoxic, and genotoxic effects induced by oxidants as well as electrophiles. 17, 44 For instance, the lack of Nrf2 in the lungs led to reduced expression of Nrf2 target genes and an increase in pro-inflammatory cytokines such as IL-12 and IL-13. 45 We have previously reported that curcumin and PEITC in combination with sulforaphane have a strong inhibitory effect on inflammation in RAW 264.7 cells by reducing iNOS and COX-2 expression. 46 We also showed that the combination of curcumin and PEITC reduces the growth of PC3 cells in a xenograft model in vivo. 47, 48 In this study, we provide mechanistic insight into the role of the Nrf2 pathway in ameliorating inflammation by using these phytochemicals to explore the anti-inflammatory and antioxidant effects of PEITC and curcumin mediated by Nrf2. Our results indicate that PEITC acts via the Nrf2 pathway to reduce inflammation, as demonstrated by its regulation of pro-inflammatory cytokines, decreased IL-6 and TNF-α, as revealed by ELISA in Nrf2 +/+ macrophages compared with that in Nrf2 −/− macrophages (Figure 2A,B) . However, the same phenomenon was not as clear in CUR-treated macrophages, indicating an alternative pathway for attenuating inflammation, for instance, by inhibiting TLR4-mediated NF-κB signaling pathways. 49 Although there was an increase in the expression of HO-1 in the Nrf2 +/+ macrophages by both CUR and PEITC, differential cytokine production was observed, suggesting that there is a lack of direct correlation between Nrf2 expression and these cytokines. This was also observed in our previous work, where EPA and DHA showed changes in cytokine production that were not of the same magnitude as that of HO-1 expression; 27 others reported that tBHQ induced the expression of Nrf2 and HO-1 in a dose-dependent manner while not having similar effects on the expression of cytokines like TNF-α. 50 Although low levels of NO are required to maintain normal homeostasis in the body, one of the direct consequences of an inflammatory state is the increased expression of iNOS in macrophages and other immune cells, which exacerbates chronic inflammation by changing the normal tissue environment; 51 curcumin and PEITC were shown to have anti-inflammatory effects due to the suppression of iNOS and consequent reduction nitrite production. 51−54 In this context, our results show that PEITC treatment exhibits a dose-dependent suppression of nitrite production, as demonstrated in the NO assay of Nrf2 +/+ macrophages. By contrast, the lack of Nrf2 reduces the impact of the drug on the reduction of NO production ( Figure 1 ). Hemeoxygenase breaks down heme as the rate-limiting step and produces several active biological molecules that can serve as secondary messengers for cellular processes, such as inflammation. 55 It has also been observed that lack of Nrf2 in macrophages decreases the expression of HO-1, which confers protection against inflammation. Additionally, LPS-induced iNOS expression in the macrophages was also lowered by an increase in HO-1 expression in Nrf2 +/+ mice. 56, 57 The antioxidant gene HO-1 was clearly regulated by PEITC and CUR in Nrf2 +/+ macrophages, as demonstrated by quantitative PCR ( Figure 3A ) and western blot analysis ( Figure 4AB ). Previous studies from our group as well as others showed that increased expression of HO-1 has anti-inflammatory effects. 26, 27, 58 Accordingly, our results in the present study clearly indicate that PEITC and CUR increase the gene ( Figure  3A ) and protein expression ( Figure 4A,B) of HO-1 in LPSinduced Nrf2 +/+ macrophages in a dose-dependent manner, whereas this effect was not observed in Nrf2 −/− macrophages. There have been several reports on the anti-inflammatory effects of CUR and PEITC acting via induction of HO-1 46 and +/+ macrophages. There was no significant lowering of COX-2 protein expression in Nrf2 −/− macrophages upon treatment with either PEITC or CUR. HO-1 protein expression was significantly increased in Nrf2 +/+ macrophages in a dose-dependent manner upon treatment with PEITC and CUR, whereas the induction was not as pronounced in Nrf2 −/− macrophages. The macrophages were pretreated with the drugs for 6 h and cotreated with drugs and LPS for 18 h. The results are shown as the mean ± SE of three independent experiments (n = 3). #, statistical significance between LPS and treatment groups in Nrf2 +/+ macrophages; *, statistical significance between LPS and treatment groups in Nrf2 −/− macrophages. suppression of NF-kB. 59−61 It is logical to conclude that the induction of HO-1 and suppression of inflammatory cytokines as well as prostaglandins such as COX-2 is mediated via the Nrf2 pathway, which is further supported by the induction of HO-1 gene and protein expression. Furthermore, it was clearly observed that PEITC inhibited IL-6 and TNF-α production, as measured by ELISA (Figure 2A,B) . Additionally, the mRNA expression of the corresponding genes was clearly attenuated by CUR and PEITC, as illustrated in (Figure 3C,D) . Nevertheless, the effect was not prominent in the CUR-treated macrophages, as shown in (Figure 2A,B) , which depicts cytokine measurements by ELISA. In addition to the cytokines, the mRNA and protein expression of COX-2, which is a classic inflammatory mediator, was lowered upon treatment by CUR and PEITC in a dose-dependent manner, as shown in Figures 3E and 4A ,B.
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In conclusion, our study indicates that Nrf2 plays a critical role in mediating the anti-inflammatory properties of PEITC and CUR, as demonstrated by their effects in Nrf2 +/+ and Nrf2 −/− macrophages upon induction with LPS. This result further strengthens the hypothesis that Nrf2, apart from regulating phase II and III drug metabolizing enzymes and transporters, also plays a crucial role in attenuating inflammation, which contributes to many acute and chronic diseases, including autoimmune, neurological, and cardiovascular diseases and cancer. 
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